To survive, animals must maintain a balance between energy acquisition (foraging) and energy expenditure. This challenge is particularly great for endotherm vertebrates that require high amounts of energy to maintain homeothermy. Many of these endotherms use hibernation or daily torpor as a mechanism to reduce energy expenditure during anticipated or stochastic periods of stress. Although ecological researchers have focused extensively on energy acquisition, physiologists have largely studied thermal ecology and the mechanisms allowing endotherms to regulate energy expenditure, with little research explicitly linking ecology and thermal biology. Nevertheless, theoretical considerations and research conducted so far point to a significant ecological role for torpor in endotherms. Moreover, global-change challenges facing vertebrate endotherms are also considered in view of their ability to regulate their energy expenditure. We review the thermal ecology of endothermic vertebrates and some of its ecological and evolutionary implications. 
INTRODUCTION
The living world is fueled by energy; animal species receive the energy required for maintenance, growth, and reproduction primarily by ingesting other living organisms. Their survival hinges on a delicate balance between energy acquisition (foraging) and energy expenditure. On the one hand, because energy acquisition has ecological-scale implications, foraging behavior and ecology have been major foci for research in behavioral ecology and ecology in past decades. On the other hand, energy expenditure is critical for all life functions and is therefore key to the ecology of animal species. Thus the balance between energy acquisition and energy expenditure is of major relevance to the ecology and evolution of animals.
This balance is particularly challenging for endotherms that function with a fixed and relatively high set point of body temperature, which entails high maintenance costs. To meet this challenge, some endotherm species use energy-saving mechanisms that enable them to balance their energy budgets in the face of climatic variation, variation in their resource base and in their access to it, and variation in inter-and intraspecific interactions. These mechanisms-hibernation and daily torpor-allow endotherms to cope not only with anticipated seasonal-scale periods of energetic want, but also with short-term variations whose impact on the energy budget of individuals may be highly significant and that may otherwise act as an ecological bottleneck. Here we review the scientific literature on the thermal ecology of endotherms, focusing on torpor, its relevance to populations and communities, and its anticipated role in endotherm adaptation to global change and in particular to climate change.
rates. Species that employ this mechanism can be termed heterothermic endotherms. However, they do not abandon thermoregulation altogether, but rather regulate their body temperature around a new, lower T b threshold (Heller & Hammel 1972) , whether seasonally or for a few hours during the day. Torpor enables these species to survive energetic bottlenecks and to occupy habitats that otherwise would be unsuitable for them. Use of torpor appears to ameliorate the high energy demands of endothermy in environmental conditions where the toll is too heavy for species and individuals (see below).
"Hibernation is assumed to have evolved in response to environmental energy and/or water shortages, yet the environment in which it has most often been studied is the laboratory" (Lane 2012, p. 60) . Thus, "conspicuously absent from the literature are studies that investigate the link between depth of heterothermy and ecological and evolutionarily relevant variables" (McKechnie & Mzilikazi 2011, p. 361) . In our review we attempt to close this lacuna and to bridge the gap between increasing physiological knowledge and ecological research and theory.
HETEROTHERMY: DAILY TORPOR VERSUS HIBERNATION
Two patterns of torpor appear to be most common: daily torpor and hibernation. Daily torpor is widely used by both mammals and birds (Geiser & Ruf 1995 , McKechnie & Lovegrove 2002 . It is an important strategy for coping with fluctuating environments, involves significant plasticity, and may constitute an important part of how endotherms cope with environmental challenges. During daily torpor, which lasts for only several hours and up to a day, T b falls on average by ∼15-20
• C and the torpor metabolic rate (TMR) is relatively high (∼30% of basal metabolic rate) (Geiser 2004a) . Species that display daily torpor are often referred to as daily heterotherms. Individuals of these species usually forage and feed on a daily basis and do not show extensive fattening before the use of daily torpor. They enter torpor in response to adverse conditions such as low food availability and low ambient temperature, mainly when their mass and fat stores are low (or as a strategy for gaining fat) (Gutman et al. 2006 , Heldmaier & Steinlechner 1981 , Holloway & Geiser 1996 , Kortner & Geiser 2000 , Morton & Lee 1978 . Some species show seasonality in the extent to which they use daily torpor (e.g., Levy et al. 2011a) , or use daily torpor only during certain seasons (e.g., during winter in Djungarian hamsters, Phodopus sungorus) (Heldmaier & Steinlechner 1981) . This seasonality probably reflects the ecology and habitat use of these species (Kortner & Geiser 2000) .
Hibernation is the other common pattern of torpor. It involves a series of prolonged bouts of torpor lasting for several days up to weeks, interrupted by episodes of rewarming for several hours; these torpor bouts may last in total up to a year (see below) (Bieber & Ruf 2009 , Geiser 2007 . T b usually falls by up to 35
• C, and TMR is low (on average only ∼5% of basal metabolic rate) (Buck & Barnes 2000 , Geiser 2004a , Geiser & Ruf 1995 . In contrast to daily heterotherms, hibernators generally fatten extensively before a prolonged hibernation season, do not hibernate when lean, do not forage or forage little during the hibernation season, and rely to a large extent on stored fat as an energy source during hibernation (Geiser 2004a , Hallam & Mzilikazi 2011 , Kronfeld-Schor et al. 2000a , Wang 1989 . However, species from at least four rodent families (Cricetiday, Gliridae, Heteromyidae, Sciuridae) support their hibernation energetic requirements primarily with stored food (Vander Wall 1990) . Most described hibernators use hibernation seasonally, primarily during winter. However, some species perform long torpor bouts during summer: In such cases, the term estivation is used (Bieber & Ruf 2009 , Wilz & Heldmaier 2000 . The physiological characteristics of estivation are very similar to those of hibernation in winter (Hudson & Bartholomew 1964 , Wilz & Heldmaier 2000 . Hence, in this review we do not differentiate between the two, and we use the term hibernation for both.
TMR depends largely on ambient temperature (Geiser 2004a) . It drops with ambient temperature until it reaches a minimum, and below that minimum, TMR increases rapidly with decreasing temperature. The temperature at which metabolic rate is minimal is the optimal temperature for hibernation in terms of metabolic costs. In bats, individuals at the back of the hibernacula, which is warmer, are less exposed to predation risk (Kokurewicz 2004) . Hibernating in these safer (and warmer) areas will entail higher TMR and, therefore, will be feasible only for bats with larger fat reserves. Accordingly, via experimental manipulation, researchers found that energy availability affects microclimate selection during hibernation in fat-storing hibernating bats: Big brown bats (Eptesicus fuscus) with higher fatty acid availability chose warmer microclimates for hibernation (Boyles et al. 2007 ); little brown bats (Myotis lucifugus) hibernating in a warmer microclimate were significantly heavier than individuals hibernating in cooler microclimates (Boyles et al. 2007 ).
However, other factors, both ecological and physiological, may influence torpor use and characteristics (temperature preference, torpor bout length and depth). For example, fasted large mouse-eared bats (Myotis myotis) spent more time torpid than did fed individuals (Wojciechowski et al. 2007 ). Hibernating at low temperature may also increase the risk of freezing (Clawson et al. 1980) , decrease the detection of predators (Humphries et al. 2003) , and increase predation risk.
As a seasonal phenomenon, hibernation probably evolved to allow endotherms to cope with predictable changes in the environment and is timed in response to a predictable environmental cue-day length. Accordingly, at least in some cases, its appearance is controlled by an internal circannual clock, although its duration and timing may also be influenced by resource availability. Nevertheless, some cases of "opportunistic hibernation," in which individuals respond to shortterm environmental challenges by hibernation, have also been reported (Stawski et al. 2009 , Turbill & Geiser 2008 .
It also appears that the abilities to undergo hibernation and torpor are not mutually exclusive: At high ambient temperatures some hibernators may use short torpor bouts, which can last less than a day (Kortner & Geiser 2000) , and some species will use either torpor or hibernation depending on their body condition. If in good body condition and with a sufficient amount of fat accumulated prior to hibernation, both the African hedgehog (Atelerix frontalis) and the Malagasy mouse lemur (Microcebus griseorufus) use prolonged hibernation relying on their body energy reserves. By contrast, lean individuals have to continue foraging and, hence, use daily torpor (Hallam & Mzilikazi 2011 , Kobbe et al. 2011 .
The theory of adaptive thermoregulation suggests that endotherms should avoid thermoregulation only when its costs outweigh its benefits (e.g., Angilletta et al. 2010 , Humphries et al. 2003 . When costs are high, depressing metabolism and body temperature may enhance survivorship and fitness. The obvious benefits of torpor are reduction in energy expenditure and, therefore, food requirements. Less obvious but important advantages are prolonged longevity and reduced risk of predation while hibernating (Lyman et al. 1981; Turbill et al. 2011 Turbill et al. , 2012 . Nevertheless, when possible, many species that can use torpor facultatively will refrain from doing so (e.g., Christian & Geiser 2007 , Humphries et al. 2003 , Landry-Cuerrier et al. 2008 , Levy et al. 2011a , suggesting that use of torpor also entails substantial costs.
The physiological costs of using torpor are often subtle (and sometimes controversial); many physiological functions are negatively affected by the hypothermic state and metabolic depression during torpor. These may include reduced immunocompetence (Prendergast et al. 2002) , oxidative stress, and DNA damage (Giroud et al. 2009 ). Torpor may also affect individual performance. For example, torpid animals may not sleep, so torpor may result in a sleep deficit (e.g., Daan et al. 1991 , Deboer 2005 , Roth et al. 2011 . Moreover, torpor may impair object recognition ) and memory (Roth et al. 2011) . These, in turn, are important for diverse ecologically relevant tasks such as consolidation of spatial information (location of food, shelter, and other resources), processing social information (e.g., recognizing individual conspecifics), and communication (Roth et al. 2011) .
Nevertheless, at least some species of birds and mammals use torpor (both daily torpor and hibernation) even when food is apparently available and ambient temperatures are comfortable, suggesting that other drivers for torpor exist. Among these drivers are ecological interactions. For example, an animal that uses torpor will spend less time foraging and will be less exposed to predation or to interference competition.
Hibernation appears to be an important mechanism primarily in the long term, allowing endotherms to occupy niches that are suitable for their activity during only part of the year. Given its contributions to shaping the geographic ranges of birds and mammals, hibernation is also of major ecological significance. By hibernating for several weeks/months of the year, populations can survive climatic as well as food-and water-availability conditions that are outside of their fundamental niche parameters. These extreme conditions recur seasonally and can be properly anticipated using stable environmental cues; thus mammals and birds have evolved hibernation to meet these adverse and seasonally anticipated conditions (but see Dmiel & Schwarz 1984; Geiser 2004a,b; Hallam & Mzilikazi 2011; Kobbe et al. 2011) .
Daily torpor also appears to contribute to shaping the geographic ranges of species both by allowing them to occupy niches whose environmental properties fluctuate at times outside of the species' fundamental niche and by facilitating migration. During summer when their body condition is good, several hummingbird species use torpor as a means for gaining fat in preparation for the high-energy-demanding migration (Carpenter & Hixon 1988 , Carpenter et al. 1993 . Similarly, barnacle geese (Branta leucopsis) reduce their body temperature during the premigratory fattening period (Butler & Woakes 2001) .
However, daily torpor is also a mechanism with far-reaching ecological implications at the population and community levels. It allows animals to respond to proximate ecological pressures in a fine-tuned manner that factors in both environmental and ecological stressors and the individual's physiological conditions. As such, daily torpor has evolved as a short-term response to proximate ecological cues that may involve a host of parameters that affect individual fitness (see below). The ability of individual endotherms to enter torpor must have a huge impact on the ecology of these animals. It allows them to endure short stress periods of various types by responding in an appropriate and adaptive manner not only to fluctuations in resource availability and abiotic conditions but also to ecological interactions (see below). This response may scale up from individuals and populations to the community level, as it is anticipated to affect predator-prey as well as competitive interactions and, consequently, resource availability. Here we review both mechanisms (Hudson & Bartholomew 1964 , Wilz & Heldmaier 2000 with special emphasis on their ecological implications and on animal responses to global change and various environmental stressors.
TORPOR AND THE ENVIRONMENT
Few ecologists would argue against the statement that abiotic environmental conditions have a broad-scale overarching influence on the evolution and ecology of living organisms. For a variety of historical, technical, and primarily conceptual reasons, this area also includes significant research and interest from physiologists studying the thermal ecology of endotherms. We begin our review with a discussion of the use of torpor in response to abiotic environmental variablescold, heat, water availability, and illumination. We then review the use of torpor in response to resource availability, with a focus on resources as sources of energy, rather than on predator-prey interactions.
Torpor and Ambient Temperature
For many years, torpor and hibernation were considered as adaptations of temperate-zone endotherms to cold climate and low food availability (Lyman et al. 1982) . Most hibernators begin their hibernation prior to the cold of winter, after a period of fat accumulation, and do so in anticipation of an expected climatic change. The predictability of winter has allowed for a mechanism that uses day length as a cue for the onset of hibernation (Kondo et al. 2006 , Nemeth et al. 2009 , Sheriff et al. 2012 , Wang 1989 .
However, both torpor and hibernation can be induced in some species at any time of the year in response to exposure to low T a . In Israel, two species of hedgehogs, a desert-zone species (Hemiechinus auritus) and a temperate-zone species (Erinaceus europaeus), enter hibernation when T a falls below 11
• C even when food is available (Dmiel & Schwarz 1984) . Similarly, hibernation can be induced by exposure to low T a at almost any time of the year in the marsupial pygmy possums (genus Cercartetus). In these species, hibernation appears to be facultative and forms an adaptation to unpredictable adverse weather conditions . Although research has traditionally focused on hibernation and the cold, in recent years an increasing number of studies have found that species from desert and tropical habitats use torpor, particularly in habitats where food and water availability is unpredictable (e.g., Cooper et al. 2005 , Geiser & Pavey 2007 , Levin et al. 2012 , Nowack et al. 2010 , Schmid & Speakman 2000 , Warnecke et al. 2008 ) (also see below).
Torpor and Water Availability
The use of torpor is important for water conservation, especially for mammals from arid regimes (Cooper et al. 2005 , Geiser 2004b , Levy et al. 2011a , Schmid & Speakman 2000 . By allowing its body temperature to decrease, the animal reduces metabolic rate, food consumption, and activity, which results in a parallel reduction in evaporative, fecal, and urinary water loss (Cooper et al. 2005) . Thus, many species from arid and tropical or semitropical areas use torpor during the dry season (e.g., Cooper et al. 2005 , Kobbe et al. 2011 , Warnecke et al. 2008 , Withers & Cooper 2009 ). Low or unpredictable water availability usually coincides with low and unpredictable food availability. Food in some cases is the only source of water; therefore, it is difficult to differentiate between the effects of food and water availability. Nevertheless, unpredictable water deprivation in the Syrian hamster has resulted in an earlier onset of hibernation, a higher chance of being in torpor at the end of the hibernation season, and a longer time in torpor during hibernation than in animals deprived of water on a regular basis or in control, nondeprived animals (Ibuka & Fukumura 1997) .
Droughts provide a natural experiment to test the effect of water availability on the use of torpor. A study of free-ranging black-tailed prairie dogs (Cynomys ludovicianus) in Colorado conducted during years when Colorado experienced one of the most severe droughts in recorded history found that different colonies used different overwintering thermoregulatory strategies, depending on local precipitation. The home range of one of the colonies experienced significantly lower precipitation than those of the other colonies: All individuals of this colony used hibernation, whereas all individuals of the five other colonies studied used daily torpor. The authors suggest that, because prairie dogs obtain virtually all their water from their diet, individuals from this colony are likely to have been more moisture stressed than prairie dogs from other colonies, providing a plausible stimulus for hibernation (Lehmer et al. 2006) . Another study that compared the use of torpor in free-ranging Australian owlet nightjars found that torpor frequency, depth, and bout length were positively correlated with insect availability, which was influenced by rainfall: During a dry year, insect availability decreased and torpor use increased (Doucette et al. 2012) .
Experimental field studies testing the effect of water availability on torpor use are very rare. Manipulating food availability under seminatural conditions, Levy et al. (2011a) found that golden spiny mice use torpor more frequently during summer, even when food is supplemented. Coupled with other water-conserving adaptations, use of torpor likely increases survival during prolonged periods of low water availability.
Torpor and Illumination
Light changes during the lunar cycle can have an impact on the ability of animals to use visual cues by affecting how they use their senses (e.g., for communication, navigation, prey or predator location), and they can indirectly influence the biotic environment by affecting the activity levels of predators, competitors, and prey (Kronfeld-Schor et al. 2013) . During full-moon nights, the frugivorous eastern tube-nosed bat (Nyctimene robinsoni ) has a significantly lower body temperature (Riek et al. 2010) . Fruit should be similarly available in full-and new-moon nights, but it may be easier to find during full-moon nights: Bats may be able to forage more efficiently during moonlit nights, satisfy all their energetic requirements rapidly, and then use torpor to gain a positive energy balance during the remainder of the night. Alternatively, the reduction in activity may be to avoid predation, and in this case, torpor is used to avoid a negative energy balance. Interestingly, studies on islands, where most of the visually oriented bat predators are absent, found no effect of lunar phase on activity (Gannon & Willig 1997 , Rodriguez-Duran & Vazquez 2001 , supporting the hypothesis that the decrease in activity levels and the use of torpor in fruit bats are predator-avoidance strategies. Freckled nightjars (Caprimulgus tristigma) forage for insects when moonlight is available and become torpid when light levels are too low for foraging. Interestingly, when the full moon was covered, the nightjars did not forage and used torpor, indicating that the lunar cycle in foraging and thermoregulation is a direct response to light conditions ).
Torpor and Food Availability
Because torpor is an energy-saving mechanism, a significant bulk of torpor research focuses on the relationship between food availability and torpor; it is generally assumed that seasonal hibernation is usually performed at times when temperatures and food availability are low (Geiser & Ruf 1995 , Heldmaier et al. 2004 . Several comparative field studies suggest that food availability and predictability affect the use of torpor. Two species of owls in the Kalahari Desert in Western Africa use different thermoregulatory strategies during winter: Pearl spotted owlets (Glaucidium perlatum) remained homeothermic, whereas African scops owls (Otus senegalensis) routinely used torpor. These thermoregulatory differences are related to their diets and activity patterns: African scops owls feed almost strictly on insects whose availability decreases during winter, whereas pearl spotted owlets have a more flexible diet and can change it in response to changes in prey availability (Smit & McKechnie 2010) .
Two species of forest primates, the great dwarf lemur (Cheirogaleus major) and the rufous mouse lemur (Microcebus rufus), eat fruits, flowers, and insects. To cope with seasonal food shortage, the great dwarf lemur hibernates for 6 months (March to November). However, the rufous mouse lemur, feeding on the same diet, uses daily torpor and is active year-round. Because rufous mouse lemurs are 10 times smaller, they may be able to feed on the few small-sized fruits and insects available during this season and remain active (Wright & Martin 1995) .
Daily torpor appears to be especially important for animals in habitats whose food availability is unpredictable. In the laboratory, many species use torpor when food is restricted (e.g., Gutman et al. 2006) . In some cases, unpredictable food availability further increases the use of torpor: When fat-tailed dunnarts (Sminthopsis crassicaudata) are offered unpredictable levels of daily food, they consume about 75% of their normal food intake and increase the frequency of daily torpor and the length of bouts compared with animals offered ad libitum food, but this was not found for animals offered a constant 75% food-restricted diet (Munn et al. 2010) . The subtropical bat Syconycteris australis feeds on nectar, whose availability is reduced during summer. Moreover, summer nights are shorter, allowing less time for foraging. Thus, this bat uses deeper and longer daily torpor during summer than during winter (Coburn & Geiser 1998 ). In the eusocial naked mole rat (Heterocephalus glaber), which feeds on rare, widely dispersed tubers and bulbs, torpor is influenced, not by thermoregulatory considerations, but by highly unpredictable food availability (Lovegrove et al. 1991) . These mole rats forage cooperatively; meeting the requirements of the whole group (up to 300 individuals) including the nonworkers, is achieved by a reduction in TMR (Lovegrove & Wissel 1988) . Griffon vultures (Gyps fulvus) are obligatory scavengers, relying on finding dead animals, which are unpredictable in space and time; therefore they are regularly forced to withstand 7-10 days between successive feedings. In these vultures, the use of torpor increases with time from the last meal (Bahat et al. 1998) . Finally, an experimental field study of torpor in golden spiny mice in a hot rocky desert (Levy et al. 2011a; Levy et al. 2012) , with natural food availability and with food added ad libitum, revealed that food supplementation reduced the total time spent torpid.
Thus a wealth of studies show the relationship between resource availability and torpor. These findings should also be considered when foraging is modeled. Because the ability of animals to reduce their energy requirements can be regulated, their ability to become torpid may bear on risks taken and energy spent while foraging.
In recent years, much field and laboratory research has focused on the role of activity costs in optimal decision making of foraging individuals, in particular in small mammals (e.g., Bouskila 1995 , Brown 1989 , Kotler & Brown 1988 . In an influential paper, Brown (1989) wrote, "I assume that the consumer individuals can engage in at least two activities: (1) foraging and (2) dormancy or inactivity." Brown (1989) assumed that consumers have a degree of behavioral flexibility, and so resting and dormancy provide foragers with alternative activities and behavioral choices that influence the costs and benefits of foraging. Brown (1989) further argued that, while dormant, an individual incurs a fixed cost of being alive, whereas foraging requires additional energy over the cost of being dormant; an individual can decide to avoid this cost by remaining dormant, but then it also forgoes the chance to acquire resources. Although dormant individuals do not acquire resources, the cost of dormancy is lower than that of foraging; hence, "dormancy provides a valuable alternative activity when resource abundances are low" (Brown 1989) . Optimal foraging theory postulates that foraging should cease when the harvest rate is insufficient to compensate for the additional cost of foraging over and above the cost of remaining dormant (Brown 1989) . Hence, foraging decisions will be based on available resources and the cost of procuring them (Mitchell et al. 1990 ) as well as on the cost of dormancy. The costs of foraging have often been addressed (e.g., Bouskila 1995 , Brown 1989 , Kotler & Brown 1988 ; they vary at the diel and seasonal scales. For example, higher energy expenditure due to thermoregulatory costs reduces foraging behavior in rodents (Bacigalupe et al. 2003 , Bozinovic & Vasquez 1999 . A change in resource availability is expected to alter the relative marginal cost and benefit of foraging and, therefore, to alter the choice of optimal foraging time budgets (Brown 1989 , Mitchell et al. 1990 ). However, the cost of dormancy, considered fixed in optimal foraging models (Brown 1989) , can vary dramatically. Thus a significant component of foraging decisions appears to have been largely neglected in studies of foraging decisions of vertebrate endotherms.
TORPOR AND ECOLOGICAL INTERACTIONS
Ecological interactions may affect an individual's tendency to become torpid, by affecting resource availability, individual access to resources, risk of predation while foraging, risk of predation when torpid, etc. An individual's tendency to become torpid affects its ecological interactions, such as its impact on a shared resource, its susceptibility to predation, etc. In spite of these obviously close and mutual impacts, little research has addressed torpor and its ecological implications explicitly, probably at least in part because, until the fairly recent development of temperature-sensitive radio transmitters for field research, the actual effects of ecological interactions on the physiology of free-living mammals and birds were difficult to study. The few studies that have dealt with this issue, however, provide exciting insights and a sound basis for further investigation. We review them here and suggest additional avenues for investigation.
Predation and Torpor
Torpor can confer some protection for prey species. While torpid, individuals are often in a sheltered place, and by virtue of their immobility they become less susceptible to predation (Lima 1998) . Moreover, because torpor saves energy, individuals that become torpid require less energy for their maintenance and consequently may spend less time foraging and hence less time exposed to predation.
Edible dormice (Glis glis) use daily torpor, hibernation, and estivation (Wilz & Heldmaier 2000) . Their life span averages 9 years, and they reproduce only once or twice during their lifetime, usually during years of mast seeding. During other years, nonreproductive individuals enter estivation when in good bodily condition, arouse in autumn for a short prehibernation fattening period, and enter hibernation, resulting in more than 10 months of dormancy per year (Bieber & Ruf 2009 ). However, not all nonreproductive individuals enter estivation, indicating that skipping reproduction alone is not sufficient to trigger estivation. Indeed, Bieber & Ruf (2009) suggested that the main function of estivation in this species is predator avoidance.
Northern long-eared bats (Nyctophilus bifax) are subtropical animals that use daily torpor during summer while food is abundant. Individuals with a high body condition index expressed torpor more frequently, and torpor bouts were deeper and longer, indicating that the bats preferred to use torpor when energetically possible. These bats could likely use torpor as a predator-avoidance strategy, reducing predation risk by owls (Stawski & Geiser 2010) . A similar use of torpor as an antipredator strategy was observed in the tropical bat, Nyctophilus geoffroyi, on which carnivorous ghost bats (Macroderma gigas) prey. Despite mild climate, these bats did not show the predawn activity peak typical for bats and instead entered torpor during the second half of the night, avoiding the activity time of their predator (Geiser et al. 2011) .
However, several studies suggest that using torpor may sometimes increase predation risk. Using a stochastic modeling approach, Pravosudov & Lucas (2000) found that birds should avoid nocturnal torpor when foraging success is high because torpid birds are more susceptible to predation. Moreover, introducing a predator decreases nocturnal hypothermia of fasting pigeons (Laurila & Hohtola 2005) , and predation by great tits (Parus major) on hibernating pipistrelle bats (Pipistrellus pipistrellus) has been described at a Hungarian cave (Estok et al. 2010) . Thus, one cost of using torpor may be higher predation risk during the night. The level of predation risk while torpid must be intimately related to an individual's nesting/roosting place. Individuals that become torpid in exposed spots, such as open nests, should be much more susceptible to predation than, for example, species nesting in rock crevices. Likewise, bats hibernating at the back of the hibernacula are less exposed to predation risk than individuals hibernating near its entrance (Kokurewicz 2004) .
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Competition and Torpor
Competition for food reduces the amount of resources available to the competing species. Hence, competing endotherms, or at least the weaker competitor, may resort to torpor as an energy-saving mechanism. The ability to undergo torpor will enable a competitor or competitors to ride out periods of food stress and to refrain from being competitively excluded.
Despite this relationship, almost no research has been carried out to date about the relationship between torpor and competition. An exception is the long-term research that we have been conducting in a rocky desert rodent community (reviewed by Kronfeld-Schor & Dayan 2003 . Golden spiny mice (Acomys russatus) respond to an absence of their nocturnal congener, the common spiny mouse (Acomys cahirinus), by shifting some of their activity into the night (Gutman & Dayan 2005) . Previous studies suggested that common spiny mice have competitively displaced golden spiny mice into diurnal activity and that food partitioning by prey activity times is a mechanism of coexistence (Kronfeld-Schor & Dayan 1999 . Golden spiny mice maintain their body mass by using torpor during food-shortage periods and gain fat mass when food is plentiful (Ehrhardt et al. 2005; Grimpo et al. 2012; Gutman et al. 2006 Gutman et al. , 2007 Gutman et al. , 2008 Kronfeld-Schor et al. 2000a ). They do not hoard food, have no cheek pouches to transport food, and consume mainly animal matter, which is difficult to store. Golden spiny mice use torpor in their natural habitat, probably as a strategy to save energy and water: Use of torpor decreases when food is supplemented and is higher during summer than during winter, even when food is supplemented, suggesting that torpor is also used for water conservation (Levy et al. 2011a ).
Interspecific competition.
We have studied the effect of interspecific competition on populations of golden spiny mice in four large outdoor enclosures: two experimental enclosures with common spiny mice removed and two control enclosures with populations of both species (Levy et al. 2011b) . During summer, when the two species partition prey taken by different activity times, removal of the congener did not affect torpor in the golden spiny mouse. However, during winter, when insect populations are low and the two spiny mouse species overlap in a largely vegetarian diet, removal of the common spiny mouse in the experimental enclosures reduced torpor in golden spiny mice (Levy et al. 2011b ). This result suggests that torpor may help them to endure periods of enhanced interspecific competition and may be a significant short-term mechanism that reduces competition and, hence, increases fitness, in particular for individuals of the subordinate species whose accessibility to resources may be limited.
Intraspecific competition.
Torpor could also be the outcome of intraspecific competition; it can help mediate intraspecific competitive interactions and help individuals that sporadically have problems in accessing the shared limiting resource to endure times of want. Because spiny mice in this system appear to be food limited, intraspecific competition for food is expected. Moreover, we found that two individual spiny mice will not forage in the same patch concurrently. We studied the relationship between sequence of foraging, energy acquired, and the use of torpor as an energy-balancing strategy in golden spiny mice (Levy et al. 2012) . Our study revealed a complex relationship between foraging and torpor: Mice that used more torpor aroused later in the day and arrived at foraging patches later in the sequence. Therefore, compared with other mice, these mice tended to do poorly in terms of energy acquisition and coped by becoming torpid for much longer time stretches. Mammals may be assisted by elevated ambient temperatures and sun radiation in their arousal from torpor (Pavey & Geiser 2008) , and this may confer some benefit on individuals that arouse later. Spiny mice appear to use heterothermy to allow them to endure times of low energy availability. In the short term, this strategy allows them to cope with energy limitation caused by low resource availability and/or their relatively poor ability to exploit available resources. However, in the long run, the costs of this energy-balancing strategy may be highly significant. The fact that specific individuals resort to this strategy repeatedly suggests that they pay a significant price in fitness. In simple terms, the foraging activity times of individuals that spend more than 15 h a day torpid are dramatically limited. The fitness-enhancing activities of these individuals appear to be limited to a very narrow window of activity when individual performance may be impaired (see above).
Other Interactions
Little is known about other ecological interactions and torpor. Few studies deal directly with mutualism, commensalism, and parasitism and with their effects and interactions with torpor. We review the few studies carried out and provide some brief speculations.
Parasites and pathogens may adversely impact the physiological condition of individuals and therefore may impact these individuals' tendency to undergo torpor. Hibernation alters the function of the immune system (reviewed by Bouma et al. 2010 Bouma et al. , 2012 : The number of circulating leukocytes drops by approximately 90%, and phagocytosis capacity, cytokine production, lymphocyte proliferation, and antibody production are all decreased.
Two studies illustrate the reduced immune function during hibernation. In one study, skin allografts transplanted onto torpid 13-lined ground squirrels were not rejected until after the hibernation, whereas allografts transplanted into active ground squirrels were rejected within a few weeks (Shivatcheva 1988) . Injecting a pathogen into hibernating golden mantled ground squirrels (Spermophilus lateralis) also did not affect torpor. Fever developed only after arousal, suggesting that the immune system is inactivated during hibernation (Prendergast et al. 2002) . This could select against the use of torpor by parasitized individuals. Nevertheless, reduction in metabolism of the host organism may also be a contributing factor. In another study, injecting a pathogen into cold-exposed torpid Turkish hamsters (Mesocricetus branditi ) increased the time spent torpid, suggesting that hibernators may manipulate torpor duration to combat pathogens (Burton & Reichman 1999) . Injecting food-restricted, torpid gray mouse lemurs (Microcebus murinus) with a pathogen also resulted in fever on the first day but a return to deep torpor the day after, suggesting that fever provides the first line of defense against pathogens but that hypothermia may also protect the host by inhibiting pathogen proliferation (Canale & Henry 2011) .
A highly publicized case of the relationship between hibernation and a pathogen occurs among the insectivorous bats. White-nose syndrome is an emerging disease of hibernating bats associated with cutaneous infection by the fungus Geomyces destructans. It is hypothesized that the fungus, originally widespread in Europe, invaded North America, where it parasitizes several bat species and causes dramatic population declines. The condition termed white-nose syndrome develops rapidly in hibernating bats, as the fungus requires low temperatures for proliferation. The parasitized bats arouse from hibernation much more frequently than healthy bats do and so use up their fat stores too rapidly and starve to death . Thus, the reduced immune function during hibernation may play a role in the etiology of white-nose syndrome (Bouma et al. 2012) .
Even less is known regarding ectoparasites and gut parasites. Ectoparasites of Schreiber's bat (Miniopterus schreibersii ) are present year-round, but their reproductive activity is greatly reduced during winter (Lourenco & Palmeirim 2008) . Some (but not all) species of gut parasites in alpine marmots (Marmota marmot) disappear during hibernation, suggesting another advantage for hibernation (Callait & Gauthier 2000) , but helminths survive hibernation in the gut of little brown bats (M. lucifugus) (Coggins et al. 1982) .
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A torpid endotherm may also impact species with which it has a mutualistic relationship. For example, many herbivorous endotherms depend on mutualistic bacteria for cellulose digestion. The reduction of metabolism and, even more significantly, the reduction in food flow may affect these bacterial populations, affecting gut microbial community structure and host-microbial interactions. Indeed, a study of the 13-lined ground squirrel (Ictidomys triecemlineatus) found season affected gut microbiota: The lowest phylogenetic diversity and number of operational taxonomic units were found toward the end of hibernation, suggesting that the gut biota of 13-lined ground squirrels is restructured each year . Gut microbes have a wide variety of effects on their hosts, and they may affect multiple aspects of the hibernation phenotype in ways that remain to be studied ).
TORPOR IN A CHANGING WORLD: WHAT IS KNOWN AND WHAT CAN BE ANTICIPATED
Populations and communities worldwide are changing in distribution and composition as a result of major drivers of global change and their impact on environments, climate, resource availability, and inter-and intraspecific interactions. These changes are expected to be major stressors for the majority of living organisms and to cause significant species declines. One of the great challenges for scientific research is to develop the predictive framework and tools to anticipate the effect of global-change drivers on biodiversity. Many mammalian and bird species are currently threatened, and rates of extinction far exceed background levels.
The ability of a species or a population to survive periods of low food availability or unfavorable environmental conditions may be enhanced by its ability to use torpor and spend time in a shelter waiting for better times (Liow et al. 2009) . A mechanism that allows species to survive fluctuations may well contribute to population resilience in the face of change. Most predictions on how animals are expected to respond to the changing environment assume that animals have limited functional flexibility. However, adaptive thermoregulation in endotherms may affect their response .
Many macroecological studies in recent years have focused on identifying the life history, systematic, and biogeographical characteristics of species that are more or less susceptible to extinction. A recent study used data on 4,536 extant mammalian species and found that species that use torpor, hibernation, or burrows (tree holes, crevices, etc.) are underrepresented in the red list categories of the International Union for Conservation of Nature (Liow et al. 2009 ). Moreover, 93.5% of the 61 recently extinct mammalian species maintained homeothermy, whereas only 6.5% were likely heterotherms that used either hibernation or daily torpor, even though torpor is widespread within more than half of the mammalian orders ). noted that not only do heterotherms reduce energy expenditure, need to forage, and exposure to predators but also, because life span is usually longer in heterothermic mammals than in related homeotherms, heterotherms can withstand adverse periods and repopulate under improved circumstances. These studies suggest that use of torpor may mitigate environmental stresses of vertebrate endotherms and confer a degree of tolerance to global change. If endotherm populations that can undergo torpor are more resilient to global change, this could have both ecological and evolutionary consequences.
In spite of a huge interest in global change and biodiversity, very little scientific thought and even less scientific research have been conducted at the interface of global change and thermal ecology. The general overarching expectation may well be the point articulated above-species that can undergo torpor may be expected to be more resilient. Thus, major environmental impacts such as habitat loss and transformation and overexploitation may pose greater threats to strict homeotherms. However, for some threats to biodiversity, the ability to regulate energy expenditure may be of specific significance. Below we refer to these environmental challenges and to specific issues whose study may contribute to global-change biology.
Already of global importance, biological invasions are a growing phenomenon. Endotherm vertebrates, both mammals and birds, have invaded different parts of the world. Much research in the past two decades has focused on characterizing species that could potentially become invasive and/or insight into the conditions in which specific species may become invasive. No research of which we are aware has yet addressed the relationships between the ability to undergo torpor and species' potential to become invasive. It would be interesting to speculate about whether the ability to undergo torpor may facilitate the process of invasion because of enhanced resilience to fluctuations in various environmental and ecological parameters, whether en route or in the newly colonized region. Likewise, the ability to undergo torpor may affect the resilience of populations in a community that is undergoing invasion. Research into these questions has not yet been conducted.
Ecological light pollution is a major cause of disturbance for species and communities that has only recently captured the attention of scientists. Because illumination can impact torpor behavior (Kronfeld-Schor et al. 2013) , artificial illumination may impact torpor expression in vertebrate endotherms. However, torpor may help in mitigating the response to environmental changes brought about by artificial illumination. With the general development of such research, studies of the thermal ecology of vertebrate endotherms could produce important insights; here too we are not aware of any such research.
It is perhaps not surprising that the little scientific attention to global change and torpor in vertebrate endotherms has so far focused on climate change. Climate change is anticipated to drive numerous and dramatic environmental changes as well as changes in resources and community structure. Therefore, myriad changes in species abundances and distributions in response to climate change may be anticipated. The ability of heterothermic endotherms to respond to change and to fluctuations by regulating their energy expenditure may well factor into their adaptation to climate change. As such, "many opportunistic heterothermic species, because of their plastic energetic requirements, may also stand a better chance of future survival than homeothermic species in the face of greater climatic extremes and changes in environmental conditions caused by global warming" , p. 1235 .
Even if heterothermy does confer an advantage in survival in the face of change, the response to climate may be complex. A degree of phenotypic plasticity inherent in hibernation phenology may already allow populations to respond to climate change in the appropriate manner. In fact, Canale & Henry (2010) hypothesized that, because most phenotypic responses to climate change would be due to plasticity, organisms that have evolved in unpredictable environments will provide insight into the mechanisms of phenotypic plasticity that provide an adaptive response to climate instability. Among these mechanisms is daily torpor. A long-term study of Columbian ground squirrels in Alberta, Canada, revealed a trend for delayed spring emergence from torpor in response to increasing late-season snowstorms. This resulted in a decline in population mean fitness . By contrast, yellow-bellied marmot (Marmota flaviventris) populations now emerge at an earlier stage in response to an earlier onset of warming, resulting in a longer activity period and higher overwinter survival (Ozgul et al. 2010) . A study of torpor in a heterothermic tropical bat, N. bifax, suggests that regional phenotypic plasticity attenuates temperature effects on torpor patterns and that heterothermy will remain important for energy budgeting of bats even under warmer climatic conditions (Stawski & Geiser 2012) . More research on the fitness consequences of variation in hibernation phenology may provide key applied information regarding adaptation to climate change (Lane 2012) , although the complexity of climatic scenarios at the macro-and microscales will most certainly pose a challenge to any predictive framework.
A further challenge relates to the fact that endotherms whose torpor is adapted in a fine-tuned manner to environmental conditions may pay an energetic cost due to environmental changes during torpor . For example, during hibernation, animals do not feed and therefore have to rely on stored body fat as an energy source. The rate of energy expenditure during hibernation is determined by their TMR and, even more so, by the frequency of arousals. These, in turn, largely depend on ambient temperature. In the mountain pygmy possum (Burrmys parvus), energy expenditure and the rate of fat use are lowest at 2
• C, which is the temperature they experience during winter. Higher or lower temperatures will increase the rate of fat use and will most likely result in depleted fat stores well before spring. Such a change may drive this endangered species to extinction . However, Nemeth (2012) used nonlinear mixed-effects modeling to make predictions about spring-emergence body mass of hibernating European ground squirrels (Spermophilus citellus) and found a very slight and probably not biologically significant decrease of 2 g.
Although many studies have used species-distribution models to make predictions regarding future distributions of animal species in response to various climate change scenarios, adding the temperature and energetic requirements of torpor (see above) may produce a more complex picture. Humphries et al. (2002) developed a bioenergetic model that predicts the feasibility of mammalian hibernation under different climatic conditions. Their model predicted pronounced effects of ambient temperature on total winter energy requirements as well as a relatively narrow combination of hibernaculum temperatures and winter lengths permitting successful hibernation for the little brown bat (M. lucifugus).
An attempt to scale up to the mammalian community level was carried out by Humphries et al. (2004) in a study of the bioenergetic prediction of climate change impacts on northern mammals. Using bioenergetic modeling, they made two robust predications: (a) Mammal communities in northern regions will be characterized by the appearance of new species as much as the disappearance of existing species, and (b) hibernators are currently largely absent from the Canadian arctic, but they are expected to increase in abundance and distribution in response to climate change, probably at the expense of continuously active mammals already present in the arctic. These authors suggested that, for seasonally and continuously active mammals to coexist while sharing resources, the relative competitive advantage of the two strategies must reverse with season. However, they also suggested that seasonality will become a much more dominant strategy under scenarios of climate warming.
Finally, one of the challenges in the study of biological responses to climate change is the anticipated increase in extreme climatic events. Boyles et al. (2011) suggested that, when extreme events are rare, selective pressures favoring adaptive mechanisms will be relatively weak. As the incidence of extreme climatic events increases, so will the selective pressure favoring individuals with the ability to cope with them. These researchers suggested that thermal generalists are expected to have an advantage under such conditions. Ultimately, incorporating the progress made in the study of endothermic thermoregulation into studies of the projections of climate change is expected to contribute significantly to our understanding of adaptation of mammalian and bird populations to changing global climates. Both the huge challenges and the great potential of research at this interface suggest that in coming years we will see significant growth in this research agenda.
SUMMARY
The thermal biology of endotherm vertebrates bears upon a wide variety of key ecological parameters that have an impact on population and community patterns and processes. This is an area where ecology and evolution intersect to a dramatic degree with animal physiology.
Energetic considerations have overriding implications for animal survival and fitness: Whereas energy acquisition has been the focus of much endotherm ecological research in past decades (i.e., foraging), mechanisms regulating energy expenditure at the physiological level have received relatively little attention. However, a close look reveals the strong link between population and community ecology and torpor behavior in vertebrate endotherms. The sometimes remarkable plasticity in the need for energy expenditure affects not only geographical range and microhabitat use but also carrying capacities and inter-and intraspecific interactions.
The advent of global change presents a huge challenge to science in general. It also poses a huge and exciting challenge to the study of thermal ecology in general and that of vertebrate endotherms in particular, primarily in the context of climate change, but also of other changes to the physical environment as well as to populations and communities. Research at the interface of thermal biology and ecology is sure to produce exciting new insights into the growing scientific field of global-change biology.
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